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Preface 

Ibis  thesis  is  & continual  n of  n study  requested  by  Operations 
Svaluation  Group,  Assistant  Ch  » of  Staff,  Studies  a.ul  Analysis,  USAF. 
Atmospheric  conditions  have  a significant  effect  on  the  effectiveness 
of  laser-guided  weapons.  The  most  effective  use  of  these  weapons,  then, 
requires  an  understanding  of  the  effects  of  weather  and  a knowledge  of 
when  these  weapons  can  or  cannot  be  effectively  used  in  specif ice  tacti- 
cal situations.  This  thesis  describes  a study  of  the  maximum  lock-on 
range  irtiich  can  be  expected  for  a 1.06  micron  laser-guided  weapon  under 
varying  meteorological  ranges  and  rainfall  rates.  Two  atmospheric 
models  were  used  for  this  study  and  their  results  compared.  The  results 
were  much  different  in  many  cases  and  point  out  the  fact  that  we  must 
know  what  the  air  is  really  like  to  accurately  predict  such  things  as 
maximm  lock-on  range.  It  has  become  apparert  to  the  author  during  this 
study  that  the  atmosphere  is  exceedingly  complex  and  continuously  vary- 
ing and  we  are  still  a long  way  from  accurately  measuring  al’  variables 
in  the  atmosphere  and  getting  a real  time  picture  of  them.  At  the  same 
time  I have  received  an  appreciation  of  the  fact  that  many  judicious 
assumptions  and  approximations  can  be  made  which  will  give  fairly  re- 
liable and  useful  results,  especially  if  one  is  looking  for  relative 
results  caused  by  changing  various  parameters. 

1 would  like  to  express  my  sincere  appreciation  to  those  people 
who  have  given  so  much  assistance  to  me  in  the  course  of  this  study. 

I would  like  to  thank  the  library  staff  and  computer  terminal  staff  of 
the  Air  Force  Institute  of  Technology  (AFIT)  for  their  helpfulness.  I 
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would  especially  like  to  thank  Major  Paul  Try  of  Headquarters  Air 
Weather  Service;  also.  Captain  Charles  H.  Coolidge,  Jr.  of  the  USAF 
Academy  Physics  staff  upon  whose  work  auch  of  this  study  is  based. 
Through  many  long  telephone  conversations  they  willingly  provided  a 
wealth  of  much  needed  insight  and  information  concerning  tilts  problem. 
A special  debt  of  gratitude  goes  to  my  advisor  on  this  study.  Major 
Carl  T.  Case  of  the  APIT  Physics  staff,  for  his  invaluable  guidence 
and  encourgement  during  this  study. 

Pinally,  I want  to  express  my  love  and  appreciation  to  my  wife. 

Of ilia,  and  children  - Kristin,  Karlin,  Lisa,  and  Kurt  - for  their 
long  suffering  patience  and  understanding  during  these  years  at  APIT 
and  especially  during  the  completion  of  this  study. 

Vance  A.  Hedin 
Captain,  USAF 
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Abstract 

With  the  advent  of  laser-guided  weapons  into  the  Air  Force  inven- 
tory, it  has  become  an  item  of  high  interest  to  decision  makers  at  many 
levels,  from  the  aircrews  who  must  deliver  the  weapons,  to  the  high  plan- 
ning levels  of  the  Air  Staff,  to  better  understand  the  significant  limit- 
ations that  weather  places  on  these  weapons*  This  thesis  presents  an 
easily  useable  model  for  predicting  maximum  lock-on  ranges  for  1,06 
micron  laser-guided  weapons  as  a function  of  two  significant  weather 
factors:  surface  meteorological  range  and  rainfall  rate*  In  addition, 
a number  of  sample  calculations  based  on  the  model  are  presented*  The 
most  important  factor  limiting  transmittance  and  maximum  lock-on  range 
of  a 1*06  micron  system  in  a precipitation  free  environment  is  the  aero- 
sol content  of  the  atmosphere*  Aerosol  effects  depend  on  both  the  aero- 
sol concentration  and  the  aerosol  particle  size  distribution.  Two  ver- 
tical aerosol  profiles  are  compared  in  this  study:  the  Homogeneous  Mix- 
ing Layer  model  as  developed  by  Coolidge  and  an  approximation  of  the 
mouel  described  by  McClatchey*  Incorporated  in  these  models  are  several 
aerosol  particle  size  distributions  described  by  Dermendjian  including 
combinations  of  maritime  and  continental  distributions*  Also  included 
the  effect  of  rainfall  on  maximum  lock-on  range.  It  is  found  that 
computations  of  lock-on  range  using  these  two  models  give  significantly 
different  results  in  many  cases*  Recent  information  gives  overwhelming 
evidence  that  the  Homogeneous  Mixing  Layer  model  is  the  most  represent- 
ative atmospheric  model,  indicating  it  should  be  used  for  lock-on 
range  calculations* 


ix 


GBO/PH/75-5 


ATMOSPHERIC  EFFECTS 
ON 

1.06  MICRON  LASER-GUIDED  WEAPONS 
X*  Introduction 

Background 

In  recent  years  many  laser-guided  weapons  have  been  developed  and 
included  in  the  Air  Porce  inventory.  Experience  with  these  weapons 
has  shown  that  they  can  be  highly  effective  and  extremely  accurate 
under  the  proper  conditions.  However,  one  major  problem  in  the  use  of 
these  weapons  is  the  significant  limitations  imposed  on  them  by  the 
weather.  Under  certain  weather  conditions  the  maximum  lock-on  range  of 
these  weapons  can  be  greatly  reduced  due  to  the  attenuation  of  the 
laser  bean  by  the  atmosphere  or  lock-on  can  even  be  prevented,  thus 
prohibiting  the  use  of  these  weapons  entirely.  It  is,  therefore,  an 
item  of  great  interest  at  many  levels  of  decision  making,  from  the  air- 
crew who  must  decide  optimum  delivery  tactics  for  expected  weather  con- 
ditions to  the  highest  level  of  planning  at  the  Air  Staff  who  must  make 
force  structure  decisions,  to  know  the  limitions  imposed  by  atmospheric 
conditions  on  these  weapons. 

It  is  extremely  important  to  quantify  the  effects  of  weather  on 
laser-guided  weapons  and  many  studies  have  been  accomplished  in  an  at- 
tempt to  do  this.  However,  these  studies  have  been  limited  in  their 
scope  and  applicability  to  varying  weather  conditions,  and  recent  find- 
ings indicate  that  many  of  their  results  may  also  be  unrealistic. 
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Problem 

It  is  desirable  to  have  some  method  of  predicting  raximum  lock-on 
ranges  of  laser  weapons  based  on  observable  atmospheric  conditions. 

The  general  purpose  of  this  report,  therefore,  is  to  Investigate  the 
atmospheric  attenuation  of  1.06  micron  laser  radiation  under  varying 
weather  conditions  and  to  compare  the  results  of  transmittance  and 
lock-on  range  calculations  using  different  mathematical  models  to  de- 
scribe the  atmosphere.  The  specific  problem  is  to  devise  a simple 
method  or  model  for  predicting  maximum  lock-on  ranges  of  1.06  micron 
laser-guided  weapons  for  varying  surface  meteorological  ranges  and 
rain  rates. 

Scope 

Laser  radiation  with  a wavelength  of  1.06  microns  is  affected  in 
the  atmosphere  mainly  by  aerosol  particle  scattering  and  absorption  and 
to  a lesser  extent  by  molecular  scattering  and  absorption.  This  report 
will,  therefore,  investigate  the  attenuation  effects  of  different  aero- 
sol particle  size  distributions,  including  the  generally  accepted  con- 
tinental. maritime,  and  haze  L distributions  proposed  by  Deirmendjian 
(Ref  8,  9,  10)  and  will  include  the  effects  of  different  mixtures  of 
continental  and  maritime  hazes.  These  distributions  will  be  used  in 
two  vertical  aerosol  profiles  given  by  McClatchey  (Ref  ?6)  and  Coolidge 
(Ref  7)  respectively.  Included  in  this  report  will  be  the  effects  of 
varying  surface  meteorological  ranges  and  rain  rates. 

This  report  does  not  examine  details  of  various  laser  hardware 
parameters.  Instead,  the  parameters  of  an  assumed  typical  laser  weapon 
design  are  used  in  the  determination  of  constant  transmittance  curves 
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and  Maximum  lock-on  ranges  for  different  atmospheric  conditions*  The 
parameters  of  an  actual  system  can  be  easily  included  to  determine  the 
maximum  lock-on  range  for  that  particular  system.  A sensitivity  study 
of  the  effects  of  varying  these  parameters  is  included. 

Three  atmospheric  related  factors  will  be  ignored  in  this  report. 

The  first  is  beam  spreading  due  to  turbulence.  Several  references  in- 
dicate that  this  factor  will  have  negligible  effects  on  maximum  lock-on 
range  (Ref  4,  25,  30).  The  second  factor  which  is  ignored  is  the  change 
of  the  refractive  index  of  air  with  a change  in  altitude.  This  becomes 
significant  only  for  long  slant  paths  when  the  angle  between  the  laser 
receiver  and  the  surface  is  less  than  10  degrees  (Ref  26:41).  The 
effects  of  clouds  and  fog  also  will  be  ignored.  They  have  such  a large 
attenuation  effect  that  if  they  occurred  between  the  target  and  the  weap- 
on they  would  effectively  prevent  any  laser  weapon  lock-on  (Ref  7:129; 
34). 

Assumptions 

When  modeling  something  as  complex  as  atmospheric  effects,  cer- 
tain assumptions  must  be  made.  These  include  the  following:  The  laser 

radiation  is  assumed  to  be  monochromatic  and  affected  only  by  absorp- 
tion and  single  scattering  from  the  aerosol  particles  when  the  atmos- 
phere is  precipitation  free.  The  atmosphere  is  assumed  to  be  uniform 
at  all  horizontal  ranges  of  interest  from  the  target.  Also,  the  aerosol 
particle  size  distribution  is  assumed  to  remain  constant  for  all  alti- 
tudes. An  additional  assumption  will  be  that  the  target  intercepts  the 
entire  laser  beam  coming  from  the  designator.  Numerous  other  assump- 
tions will  be  discussed  in  later  sections. 
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Issues 

It  is  very  difficult  to  experimentally  obtain  an  accurate  and 
complete  aerosol  particle  size  distribution  due  to  the  inherent  pro- 
perties of  the  aerosol  particles,  and  the  present  experimental  equip- 
■ent  and  methods  used  for  particle  collection.  Also,  the  atmosphere 
is  a highly  complex  mixture  of  molecules  and  aerosols  with  the  aerosol 
content  of  the  atmosphere  being  affected  by  many  different  aerosol 
sources  and  removal  mechanisms  (Ref  21).  Additionally,  the  atmosphere 
is  in  a continuous  state  of  flux*  It  is,  therefore,  not  surprising 
that  there  have  been  several  different  models  developed  in  attempting 
to  describe  the  atmosphere.  The  investigator  must  determine  how  well 
the  atmospheric  model  used  represents  the  geographical  area,  season, 
time  of  day,  past  history,  and  aerosol  sources  of  the  air  mass  of 
interest. 

If  attenuation  of  the  laser  beam  is  to  be  related  to  variable 
weather  conditions,  the  additional  consideration  of  meteorological 
range  determination  is  introduced*  This  is  a measurement  which  depends, 
to  a large  degree,  on  the  subjective  judgement  of  the  weather  observer 
tdien  done  visually*  In  fact,  a net  error  of  as  much  as  ±35%  has  been 
noted  when  measurements  were  taken  in  daylight  by  a prime  duty  observ- 
er* The  error  can  be  even  higher  for  night  observations  and  for  those 
taken  by  a secondary  duty  observer*  The  net  error  is  less  when  taken 
with  instruments  such  as  the  forward  scatter  visibility  meter,  but  it 
can  still  be  as  much  as  ±23%  (Ref  29:34)* 

Rainfall  is  another  consideration.  The  size  of  the  raindrops  as 
well  as  the  rainfall  rate  has  an  effect  on  attenuation*  Different  for- 
mulas, many  of  them  being  empirically  derived,  have  be jn  developed  to 
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describe  the  attenuation  effects  of  rain*  Consideration  must  be  given 
as  to  which  of  these  wili  be  most  representative  of  the  rainfall  of 
interest. 

Standards 

The  method  of  investigating  atmospheric  attenuation  in  this  study 
was  computer  analysis*  Mathematical  models  were  developed  using  the 
different  vertical  profiles,  aerosol  particle  size  distributions,  me- 
teorological ranges,  and  rainfall  rates  to  determine  constant  trans- 
mittance curves  and  maximum  lock-on  ranges*  Computer  programs  were 
then  developed  to  use  these  mathematical  models*  Sample  calculations 
were  done  for  each  model  using  an  electronic  calculator  and  compared 
with  the  computer  solutions  to  verify  their  accuracy* 

The  ultimate  method  of  determining  the  accuracy  of  the  results  of 
this  study  would  be  to  simultaneously  and  accurately  measure  all  vari- 
ables of  the  mathematical  models  and  see  if  the  theoretical  results 
agree*  However,  this  is  not  completely  possible  at  the  present  tine. 

In  the  absence  of  this,  the  results  of  this  study  giv.j  a basis  for  pre- 
dicting laser  attenuation  and  maximum  lock-on  ranges  of  a specific 
weapon  under  varying  weather  conditions.  Additionally,  it  gives  a good 
method  of  showing  the  relative  effects  of  different  surface  meteoro- 
logical ranges,  aerosol  particle  size  distributions,  and  vertical  atten- 
uation profiles  on  transmittance  and  maximum  lock-on  ranges* 

Overview 

The  factors  affecting  the  attenuation  of  laser  radiation  in  the 
atmosphere  are  discussed  in  Oiapter  II.  The  characteristics  of  aero- 
sols as  they  relate  to  atmospheric  attenuation  are  then  discussed  in 
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Chapter  III*  Also  in  this  chapter  is  a description  of  the  McClatchey 
and  Hocogeneous  Mixing  Layer  (HML)  atmospheric  models  which  are  used 
in  this  study.  Qiapter  IV  contains  the  mathematical  development  of  the 
two  models  and  the  equations  which  are  used  for  constant  transmittance 
curves  and  lock-on  range  calculations.  Chapter  V contains  the  results 
of  transmittance  and  lock-on  range  calculations  and  an  analysis  of 
these  results*  Appendices  A through  B show. additional  results  of  these 
calculations*  Also  included  in  Chapter  V are  two  approximations  which 
can  be  used  for  easy  computations  of  surface  lock-on  ranges.  Conclu- 
sions and  recommendations  are  contained  in  Chapter  VI.  Appendix  F 
gives  a brief  development  of  the  basic  lock-on  range  equation  and  lists 
the  laser  parameters  which  are  included  in  this  equation*  Appendix  G 
presents  a brief  guide  to  the  use  of  the  Homogeneous  Mixing  Layer  model 
for  making  lock-on  range  calculations. 
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IX*  Atao spheric  Attenuation  of  Laser  Radiation 

As  laser  radiation  propagates  through  the  atmosphere  some  photons 
sre  scattered  out  of  the  beam  and  ether  photons  are  absorbed*  These 
scatterers  and  absorbers  are  the  atmospheric  gases,  molecules,  aerosols, 
and  water  droplets*  Assuming  that  there  is  some  constant,  crt,  by  which 
these  atmospheric  absorbers  and  scatterers  may  be  described  for  given 
atmospheric  conditions,  then  the  intensity  of  radiation  at  any  point  in 
space  is  given  by  the  Beer-Lambert  law  of  extinction  which  is 

• 

I * I0exp(-ortx)  Cl) 

where  I is  the  intensity  at  any  given  point, 

IQ  is  the  initial  intensity, 

<rt  is  the  total  extinction  coefficient, 

and  x is  the  distance  traveled  by  the  radiation, 

* 

The  total  extinction  coefficient  includes  all  attenuation  coeffi- 
cients. These  seperate  coefficients  are  in  general  additive.  On  a 
clear  day  for  example 


«rt  - «ra  ♦ <rn  (2) 

where  <ra  is  the  aerosol  attenuation  coefficient, 
and  <rm  is  the  molecular  attenuation  coefficient. 

These  coefficients  are  in  turn  the  sum  of  absorbing  and  scattering 
coefficients,  for  ■•xample 


ijh  gtjpjj  imuim  or  jam  ^ "1,ni  1 ■'**->  -a  ^ * m MiiPjn  ■ jiljiij  u^ij^ 

^ ^ ^ - v - ‘ ' • * *v  ..  * - WTSQSf  *»**-'*»* 
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where  aa  is  the  aerosol  scattering  coefficient, 
and  pa  is  the  aerosol  absorbing  coefficient. 

Transmittance 

The  Beer-Laobert  law  states  that  if  the  matter  is  in  the  same 
physical  state,  the  extinction  is  dependent  on  the  amount  of  matter 
through  which  the  radiation  travels.  If  the  extinction  coefficient 
varies  along  the  path  of  the  radiation,  which  is  the  case  in  the  at- 
mosphere, then  the  radiation  transmittance,  or  the  ratio  of  radiation 
intensity  passed  to  the  original  intensity,  I/I0,  can  be  described  as 

A 

r rn  exp[-j  <rt(l)dl]  (4) 

J0 

where  r is  the  transmittance, 

<rt(i)  is  the  total  atmospheric  extinction  coefficient  per  unit 

length, 

dl  is  the  incremental  path  length, 

and  L is  the  total  path  length. 

Lock-on  Range 

It  has  been  generally  assumed  that  Beer-Lambert’s  law  based  on 
single  scattering  theory  is  valid  for  an  optical  thickness  of  less 
than  0.03,  and  for  values  of  optical  thicknesses  greater  than  unity, 
secondary  and  multiple  scattering  effects  become  important.  (Optical 
thickness  as  used  here  is  defined  as  the  product  of  the  extinction 
coefficient  and  path  length).  However,  this  is  for  propagation  of 
diffuse  radiation  (Ref  35).  For  a narrow  beam  of  collimated  radiation 
(or  laser  beam  propagation)  it  has  been  found  that  single  scattering 
theory  can  account  for  observed  attenuation  for  values  of  optical 
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thicknesses  cf  up  to  25  (Ref  36:724). 

When  one  considers  the  laser  lock-on  problem,  one  is  considering  a 
two  way  path  for  the  laser  radiation;  designator  to  target,  and  target 
to  receiver.  From  designator  to  target  the  radiation  is  a collimated 
beam  and  Beer-Lambert's  law  will  hold  strictly  for  this.  However,  be- 
cause of  the  nature  of  most  military  targets,  they  give  diffuse  reflec- 
tion of  the  laser  radiation.  Therefore,  Beer-Lambert's  law  will  not 
hold  strictly  in  this  case  for  optical  thicknesses  greater  than  unity. 
However,  because  of  the  pulsed  nature  of  the  laser  signal,  it  can  be 
assumed  that  only  photons  reaching  the  receiver  \rtiich  have  not  scatter- 
ed can  be  discriminated.  Other  photons  will  have  experienced  multiple 
scattering  and  will  show  up  as  noise.  Therefore,  single  scattering 
theory  should  still  hold. 

The  lock-on  ranre  equation  can  now  be  given  as 


R^exp 


£y*rot<l>dl  = Kexp^-J^  ert(l)dlj 


(5) 


where  Rr  is  the  range  from  receiver  to  target  (lock-on  range), 

Rg  is  the  range  from  designator  to  target, 

K is  a constant  dependent  on  laser  design  parameters  and  target 
characteristics , 

and  <r*  is  the  atmospheric  attenuation  coefficient  per  unit  length 
(Ref  14:13-14).  A brief  development  of  this  equation  including  an 
explicit  expression  for  K is  given  in  Appendix  F,  page  102.  This  is  a 
transcendental  equation  that  is  dependent  on  the  specific  atmospheric 
extinction  coefficient  and  is  easily  solved  with  the  aid  of  a computer. 
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Attenuation  Mechanisms 

The  mechanisms  of  molecular  scattering  and  absorption,  aerosol 
scattering  and  absorption,  and  attenuation  by  precipitation  for  various 
laser  wavelengths  are  described  by  the  rigorous  theory  of  Mie  and  are 
extensively  covered  in  current  literature.  Therefore,  they  will  not  be 
extensively  discussed  in  this  report.  This  section  will  describe 
briefly  the  attenuation  effects  of  molecules,  aerosols,  humidity,  and 
precipitation  on  1.06  micron  laser  radiation. 

Molecules.  Molecular  attenuation,  which  is  highly  dependent  on 
specific  wavelength,  has  little  effect  on  1.06  micron  laser  radiation 
in  comparison  to  other  mechanisms  (Ref  7,  16,  26,  31,  37).  The  relative 
effect  on  attenuation  that  molecules  do  have  is  dependent  on  altitude. 
This  relative  importance  can  be  seen  by  looking  at  attenuation  values 
from  Table  I on  the  following  page.  Using  clear  air  values  for  which 
the  relative  effect  would  be  the  greatest  and  Midlatitude  Summer  gives 
a molecular  attenuation  of  less  than  one  percent  of  the  total  at  the 
surface.  It  then  increases  up  to  a maximum  of  18%  at  7 km  altitude  and 
decreases  to  9%  at  15  km. 

Molecular  attenuation  can  be  ignored  for  many  calculations.  As  an 
example,  Pig.  1,  page  12,  shows  a comparison  of  maximum  lock-on  range 
curves  computed  with  and  without  molecular  attenuation  using  McClatchey' 
aerosol  model.  At  an  altitude  of  8 km  there  is  less  than  2%  difference 
between  the  lock-on  ranycs.  The  difference  is  even  less  at  lower  alti- 
tudes and  only  slightly  more  at  higher  altitudes.  It  is  concluded  that 
molecular  attenuation  can  safely  be  ignored  for  lock-on  range  and  trans- 
mittance calculations,  not  only  for  the  McClatchey  model  but  for  other 
models  as  well.  It  should  be  noted  that  if  one  were  concerned  with 


Values  of  Attenuation  Coeff icient/k*  as  a Punction  of  Altitude  for  X * 1.06  microns,  McClatchey  Mode 
I'm  * molecular  absorption.  *m  ■ molecular  scattering.  • aerosol  absorption.  > aerosol  scattering  (g^f  26*21) 
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transmittances  at  constant  altitudes  greater  than  4 km,  molecular 
attenuation  should  not  be  ignored;  for  example , at  7 km  an  18%  error 
would  be  introduced. 

Aerosols.  In  the  absence  of  precipitation,  aerosol  attenuation 
has  the  largest  effect  on  laser  propagation.  This  is  caused  by  both 
scattering  and  absorption.  Aerosols  are  defined  as  dispersed  solid  or 
liquid  particles  in  a gaseous  solution,  in  this  case  air.  The  aerosol 
particles  vary  in  size  from  a cluster  of  a few  molecules  to  particles 
of  about  20  microns  in  radius.  Particles  larger  than  this  remain  air- 
borne for  only  a short  time  and  only  occur  close  to  their  sources 
(Ref  21:111).  Aerosol  attenuation  coefficients  depend  considerably  on 
the  dimensions,  chemical  composition,  and  aerosol  particle  concentra- 
tion. These  are  subject  to  great  variability  in  time  and  space.  Thus, 
a quantitative  estimate  of  the  attenuation  due  to  aerosols  requires 
reliable  data  about  all  fundamental  characteristics  of  atmospheric 
aerosols  (Ref  37:224).  An  excellent  summary  of  aerosols,  with  refer- 
ences, is  given  by  Coolidge  (Ref  7). 

Clouds  and  Fog.  The  attenuation  effects  of  clouds  and  fog  on  1.06 
micron  laser  radiation  is  very  significant.  For  example  a path  length 
of  0.1  km  through  a cloud  with  a Dermendjian  CL  particle  size  distri- 
bution would  reduce  the  laser  radiation  to  about  18%  of  the  original 
(Ref  7:129).  Clouds  and  fog  of  almost  any  thickness,  therefore,  will 
prevent  a laser  lock-on  to  the  target.  In  order  to  include  the  effects 
of  clouds  on  laser  lock-on  one  should  do  a statistical  study  on  the 
probabilities  of  clouds  or  fog  being  present,  that  is,  the  probabili- 
ties of  a doud-free-line-of -sight.  A study  of  this  has  been  done  by 
Lund  (Ref  24). 
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Humidity.  It  has  been  suggested  that  humidity  would  have  a large 
effect  on  the  aerosol  particle  size  distribution  and  thus  the  aerosol 
attenuation.  However,  Bulliich,  et  al,  (Ref  5)  found  that  the  growth 
rate  of  all  particle  sizes  was  approximately  the  same  up  to  a relative 
humidity  of  95%.  Zuev,  et  al,  (Ref  38)  and  Andreyev,  et  al,  (Ref  1) 
also  found  no  definite  relation  between  relative  humidity  and  the  aero- 
sol attenuation  coefficient  for  the  infrared  region  of  the  spectrum. 

It  can  be  concluded  that  up  to  90-95%  relative  humidity,  there  is  no 
humidity  effects  on  aerosol  attenuation  of  1.06  micron  laser  radiation. 

Rain.  Attenuation  due  to  rain  (for  drops  of  radii  greater  than 
one  half  of  the  wavelength)  is  es.  ntially  independent  of  the  specific 
wavelength  in  the  visible  to  far  infrared  of  the  spectrum  (Ref  15,  20, 
32).  This  attenuation  is  due  almost  entirely  to  scattering.  The  theory 
for  determining  rain  attenuation,  like  that  for  other  mechanisms,  is 
based  on  Mie  theory.  However,  discrepancies  exist  between  theory  and 
experimental  results.  This  is  mainly  because  of  difficulties  involved 
in  relating  rain  drop  diameters  and  distribution  of  drop  sizes  to  the 
rainfall  rate.  The  techniques  for  measuring  rainfall  rate  and  the  in- 
consistencies of  the  rate  along  the  transmission  path  have  also  pre- 
sented large  problems  to  the  experimentalist. 

There  have  been  several  relationships  developed,  both  experimen- 
tally and  theoretically,  to  describe  rain  attenuation.  Some  of  these 
are  shown  in  Table  II  on  the  following  page  where  the  attenuation  is 
related  to  rainfall  rate. 

Table  III  shows  additional  relationships  for  the  rainfall  coeffi- 
cients and  some  interesting  relationships  for  meteorological  range  if 
rainfall  is  the  only  limiting  factor  and  a contrast  of  0.055  is  used. 
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Table  II 

Rainfall  Attenuation  Coefficients  (Ref  32:801) 


relations  jtc  given  (nr  tf,  in  km'  *,  H in  mm  lir*‘ 


Audittf 

Rainfall  »y|a* 

fi-K 

Alls*  (I9M) 

s,-o.3ia»« 

iiift  (1950) 

Mean 

Sr-tl.I.W** 

Chit  ami  tine:  (l%S) 

Thunderstorm 

0,-0. IKK*  « 

Miller  (1973) 

Thunderstorm 

I’oHuknvn  (I960) 

Mean 

a.-o.iw 

Simm*  nml  Mueller  (Wl) 

Thumlrrstorm 

0,-0.  !.»*•*» 

. WcincU  (1972) 

Mean 

0,-  0.25A-* 

Table  III 

Attenuation  Coefficients  (km**3-)  and  Meteorological  Range (km) 
as  a Function  of  Rainfall  Rate(na/hr)  (Ref  2:488) 


Author 

Type 

°r 

MR 

Atlas 

Bergeron 

cr  * 0.25R0*63 

MR  » 11.6R“0#63 

Blanchard 

Warm  Orographic 

or  * 1.20R0*33 

MR  * 2.4R**0,33 

Marshall  and  Palmer 

Mean 

or  * 0.31R0*67 

MR  * 9.3R "°#67 

It  is  shown  here  that  the  type  of  rainfall  also  has  some  effect  on  the 
relationship  of  rainfall  rate  and  attenuation  or  meteorological  range. 

The  coefficient  in  each  of  these  equations  is  a function  of  the 
nature  of  the  drop  size  distribution  increasing  roughly  as  the  square 
root  of  the  number  concentration  per  unit  volume  and  decreasing  as  the 
normalized  snectntm  broadens.  The  exponent  is  an  insensitive  function 
only  of  the  variation  of  velocity  with  drop  diameter  (Ref  2:487). 

The  relationship  of  attenuation  due  to  rainfall  rate  chosen  for 
this  study  was  that  recently  derived  tr’  Shiptey  at  the  University  of 
Wisconsin,  Madison,  Wisconsin  (Ref  32),  It  was  developed  using  mono- 
static  lidar  as  a means  of  determining  rainfall  attenuation. 


15 


GEO/PH/75 ~5 


Correlation  of  lidar-derived  rainfall  attenuation  and  gage  measured 
rainfall  gave 

<rr  » 0.16R0*7*  km-1  (6) 

This  relationship  was  chosen  at  least  partially  arbitrarily  but  also 
because  (1)  of  the  method  of  measurement,  (2)  it  compares  well  with 
the  work  of  other  authors,  and  (3)  it  was  derived  in  a midlatitude 
location  with  both  stratus  and  thunderstorm  rainfall  being  used  in  its 
development. 

Snow,  Snow  presents  a difficult  problem.  The  assumption  which  is 
made  for  solutions  using  Mie  theory,  that  the  particle  is  spherical,  is 
not  valid  for  snow.  However,  if  it  is  assumed  that  snow  particles  will 
scatter  the  same  as  they  would  if  they  were  melted  drops  as  Gilbertson 
does  (Ref  20:90),  an  approximation  for  the  attenuation  can  be  made. 
Using  values  from  references  20  and  3 this  relationship  is 

as  * 0.56R0*57  km*1  (7) 

This  assunption  could  introduce  serious  error.  More  experimental  data 
is  necessary  in  order  to  verify  the  attenuation  due  to  snow. 
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XXI • Aerosol  Characteristics 

Since  atmospheric  aerosols  play  such  a dominant  role  in  the 
attenuation  of  1.06  micron  laser  radiation  it  is  important  to  quantify 
their  characteristics. 

Meteorological  Range 

An  important  characteristic  of  aerosol  particles  is  that  they 
directly  affect  visibility  or  meteorological  range  in  the  form  of  ha2e. 
Therefore,  their  attenuation  effects  can  be  determined  from  observed 
meteorological  range  using  a relationship  first  expressed  by  Kosch- 
mieder  (Ref  22)  and  later  expanded  by  Middleton  (Ref  27).  Koschraieder's 
law  is  expressed  by 

MR  « 3,912  (8) 

®a 

Where  MR  is  meteorological  range  (km)  and  <ra  is  the  aerosol  attenua- 
tion coefficient  (km-1).  Meteorological  range  in  white  light  is  de- 
fined as  the  maximum  distance  at  which  an  observer  can  barely  detect  a 
large  dark  object  against  a white  background.  It  is  the  distance  at 
Which  the  contrast  of  the  object  to  the  background  is  reduced  to  0.02 
of  its  original  value  at  the  eye  of  the  observer. 

The  above  relationship  is  assumed  to  be  valid  at  the  discrete 
wavelength  of  0.55  microns  which  is  the  approximate  center  of  eye 
sensitivity  for  ordinary  color  vision  in  daylight.  To  determine  the 
attenuation  of  other  wavelengths  on  the  basis  of  meteorological  range 
it  is  only  necessary  to  find  the  proper  ratio  of  attenuation  at  the 
desired  wavelength  to  that  of  0.55  microns.  This  can  be  accomplished 
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by  using  Mie  scattering  calculational  models. 

Aerosol  Particle  Size  Distribution 

A very  important  consideration  in  estimating  haze  attenuation  for 
various  wavelengths  is  the  size  distribution  of  the  aerosol  particles 
(Ref  8)*  Aerosol  particles  scatter  photons  most  effectively  if  their 
radii  are  about  equal  to  the  wavelength  of  radiation  (Ref  28).  Using 
Mie  theory,  it  is  shown  that  the  contribution  to  scattering  of  different 
particle  sizes  and  concentrations  depends  very  much  on  which  wavelength 
is  being  used  with  particles  less  than  0.04  microns  having  little 
effect  (Ref  23:105). 

To  illustrate  the  importance  of  the  particle  size  distribution, 
Dermendjian  (Ref  8)  gives  an  example  where  the  particles  of  0.35  to 
4.48  microns  were  5%  of  the  total  concentration  but  because  of  their 
large  geometric  cross-section  produced  80%  of  the  scattering.  It  can- 
not be  emphasized  too  strongly  that  if  one  is  to  calculate  attenuation 
due  to  aerosols  at  a specific  wavelength  it  is  extremely  important  to 
know  the  particle  size  distribution. 

Particle  size  distributions  and  densities  are  controlled  by  the 
particle  production  and  removal  mechanisms.  Therefore,  these  proper- 
ties depend  on  the  geographic  area  and  past  history  of  the  air  mass 
being  considered. 

There  have  been  several  analytical  functions  proposed  to  describe 
aerosol  distributions.  Two  of  these  which  have  been  used  extensively 
are  the  Dermendjian  Continental  Haze  and  the  Dermendjian  Maritime  Haze 
distributions  and  variations  of  these  original  models*  The  names  are 
descriptive  of  the  sources  of  these  aerosols.  The  continental  haze  is 


GEO/PH/75-5 


of  the  form  of  a power  law  first  described  by  Junge  (Ref  21) 


n(r)  ■ Ar 


- K 


(9) 


The  maritime  haze  is  a modified  gamma  distribution  described  by  Der- 
mendjian  (Ref  10)  and  is  of  the  form 

n(r)  » arQ’exp(-brY ) 0 < t < *>  (10) 

In  these  equations  n(r)  is  the  volume  concentration  at  the  radius  r 
and  A,  k,  a,  a,  b,  and  Y are  positive  constants.  These  two  distribu- 
tions are  shown  graphically  in  Fig.  2. 


Fig.  2 Continental  and  Maritime  Size  Distri- 
bution Functions.  (Ref  9:138) 
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The  two  general  differences  in  the  maritime  and  continental 
hazes  are  as  follows:  (1)  the  number  of  particles  in  the  maritime  is 
less  than  in  the  continental  and  (2)  a greater  portion  of  the  maritime 
particles  are  in  the  large  particle  range.  An  additional  size  distri- 
bution model  called  the  Haze  L was  also  proposed  by  Dermendjian  as  a 
replacement  for  the  power  law  description  of  the  continental  type 
aerosol.  This  is  also  a modified  gamma  distribution. 

This  report  discusses  the  effect  of  these  three  distributions  on 
1.06  micron  laser  radiation  attenuation.  Even  though  these  distribu- 
tions are  useful  quantitatively,  it  is  important  to  realize  that  these 
are  characteristic  distributions  and  that  in  specific  instances,  con- 
ditions may  deviate  considerably  from  the  mean  distribution. 

Coolidge  did  an  extensive  study  comparing  aerosol  attenuation 
coefficients  per  particle  pe,r  cm3  per  km  path  length  for  these  and 
other  particle  size  distributions  using  Mie  theory  calculations  (Ref  7), 
Included  in  this  study  were  the  calculations  of  attenuation  ratios  of 
1.0636  micron  to  0.55  micron  wavelengths.  In  doing  this  he  used  a 
complex  index  of  refraction  of  1.53  - 0.03li  for  0.55  microns  and 
1.51  - 0.046i  for  1.0636  microns  corresponding  to  aveiage  data  re- 
ported by  Hanel  and  Fischer  for  Germany  (Ref  7.66).  The  normalized 
size  distributions  Coolidge  used  are  shorn  in  Table  IV  on  the  following 
page.  Partial  results  of  this  study  are  shown  in  Fig.  3,  page  22. 

These  show  that  100^4  maritime  gives  higher  per  particle  attenuation, 
with  aerosol  attenuations  at  1.0636  microns  approximately  equal  to 
that  of  0.55  microns.  As  the  percentage  of  maritime  is  reduced  and 
continental  increased,  the  attenuation  at  1.0636  becomes  less  than  that 
at  0.55  microns,  although  the  decrease  is  not  significant  until  the 
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percentage  maritime  is  less  than  10%.  This  suggests  that  in  coastal 
regions  and  ocean  areas,  1.0636  micron  attenuation  may  not  be  sig- 
nificantly less  than  that  in  the  visible  spectrum  while  in  continental 
areas  it  may  be  significantly  less. 

Ta^xe  IV 

Aerosol  Size  Distributions 

Radius,  r,  in  microns  (Ref  7:78) 


Model 


Distribution 


Del rroendj I an  (-a.su*  x /r) 

Maritime  5.333  x 10s  x r x e 


DelrmendJIan 
Continental 
•Q2p  + 20y 


9.677419  x 10* 
9.677413  x r-*» 


r < .02y 
.02y£  r £ .ly 
.Ip  7 r £ 20p 


Maritime 

♦ 

Continental 


5.333  x 10*  x r x « 


(-8.9443  x y]7) 


r < .02p 


-(8.9443  x yf7) 

5.333  x 10s  x r x « +9.677419  x 101*  .02p<r<.ly 

. -(8.9U3  xVr)  *" 

5.333  x 10*  x r x e -*5.6774 19  x t~*  .lu*r<20y 


9?  f rrcndj ! an 

Haze  L 


„ (-15.1186  y/T) 

6.9757  * 10*  x r x • 
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Pi5*  3 Aerosol  Attenuation  Coefficient  Curves  for  Different 

Aerosol  Sire  Distributions  (Ref  7:80). 
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Table  V shows  the  ratios  of  1.0636  micron  attenuation  coefficients 
to  that  of  0.55  microns  for  several  aerosol  distributions  calculated  by 
Coolidge,  It  is  these  figures  which  were  used  in  this  study  for  making 
transmittance  and  lock-on  range  calculations  for  various  aerosol  parti- 
cle size  distributions. 


Table  V 

Ratios  of  1,0636  micron  Attenuation  Coefficients  to  0.55  micron 
Attenuation  Coefficients  for  Several  Aerosol  Distributions  (.<ef  7*.o*'0 


Aerosol 

Distribution 

*a(1.0636p)  _ 
°a  (0.55  k) 

Haze  L 

.796 

100%  Continental 
(*03K  — 20pO 

.539 

Maritime 
(.003H  — 20P-) 

1.004 

25%  Maritime 

♦ 75%  Continental 

.932 

50%  Maritime 

♦ 50%  Continental 

.977 

Vertical  Attenuation  Prof ilss 

There  are  several  models  used  to  describe  the  change  in  aerosol 
attenuation  with  altitude.  This  thesis  discusses  two  of  these  and 
compares  the  results  of  using  them  to  compute  slant  ranges  for  constant 


23 


GBO/PH/75-5 


transmittance  curves  and  for  lock-on  ranges.  These  two  models  are  (1) 
that  used  by  McClatchey  (Ref  26)  and  (2)  the  Homogeneous  Mixing  Layer 
model  as  developed  by  Coolidge  (Ref  7). 

McClatchey  Model . This  model , which  is  based  on  work  done  earlier 
by  Elterman  (Ref  17,  18,  19),  has  been  widely  used  for  attenuation  de- 
terminations. In  this  model  McClatchey  combines  five  model  atmospheres 
for  temperature,  pressure,  and  absorbing  gas  concentrations  with  two 
aerosol  models  describing  a "clear"  and  "hazy"  atmosphere  corresponding 
to  meteorological  ranges  of  approximately  23.5  and  5 km  at  ground  level 
respectively.  The  aerosol  size  distribution  is  the  same  for  both  aero- 
sol models  at  all  altitudes  and  is  similar  to  the  Demendjian  Continen- 
tal Haze  with  a large  particle  cutoff  of  10  microns. 

The  aerosol  attenuation  coefficients  are  computed  at  1 km  inter- 
vals up  to  25  km  and  at  5 km  intervals  from  there  to  50  km  ali.tude. 
Those  up  to  5 km,  which  comprise  the  mixing  layer,  follow  me  of  two 
exponentially  decreasing  functions  corresponding  to  the  clear  end  hazy 
conditions  mentioned  above.  Those  above  5 km  closely  follow  exponen- 
tial functions  which  are  not  affected  by  surface  conditions.  Table  I, 
page  11,  shows  these  coefficients  computed  for  a wavelength  of  1.06 
microns. 

This  model  has  several  serious  drawbacks:  (1)  in  its  present 

form  surface  meteorological  range  cannot  be  used  as  a continuous  vari- 
able in  determining  attenuation  coefficients,  (2)  it  is  based  on  only 
one  particle  size  distribution,  (3)  the  concept  of  an  exponentially 
decreasing  mixing  laye.r  of  height  5 km  does  not  seem  to  be  borne  out 
by  recent  measurements,  and  (4)  the  coefficients  given  are  a discon- 
tinuous function  which  makes  them  difficult  and  time  consuming  to 
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use,  even  with  a computer. 

lhis  report  will,  in  a later  section,  propose  tn  approximation 
which  will,  (1)  describe  the  aerosol  attenuation  coefficient  as  a 
continuous  function  for  ease  in  computations,  (2)  make  it  possible  to 
use  surface  meteorological  range  as  a continuous  variable,  and  (3) 
make  the  model  useable  for  various  combinations  of  maritime  and  con- 
tinental hazes. 

Homogeneous  Mixing  Layer  Model.  This  model  consists  of  a homo- 
geneous or  slowly  exponentially  decreasing  mixing  layer  of  variable 
height,  generally  from  0.15  to  3 km,  with  a general  mean  of  about  1.5 
km,  depending  on  surface  meteorological  conditions.  Above  the  mixing 
layer  or  haze  layer  the  aerosol  attenuation  coefficient  shows  either  a 
sharp  decrease  or  a more  gradual  transition  through  a 200  m layer  to  a 
clear  air  attenuation  with  a meteorological  range  of  40  km  or  better. 
The  attenuation  coefficient  then  shows  a gradual  exponential  decrease 
idiich  is  frequently  less  than  the  density  lapse  rate  of  7-8  km  scale 
height.  The  scale  height  as  used  hen.  is  the  height  at  which  the 
attenuation  coefficient  has  decreased  by  a factor  of  e-1. 

This  model  is  based  to  a large  extent  on  measurements  taken  by 
Duntley,  et  al,  (Ref  11,  12,  13).  The  concept  of  a h'"*mogeneous  nixing 
layer  is  also. borne  out  by  Zuev  (Ref  38)  and  Tenneke  (Ref  33)  among 
others.  The  use  of  this  model  with  different  -m^osol  particle  size 
distributions  comprises  the  bulk  of  the  study  going  into  this  report. 
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IV*  Qevelopnent  of  the  Atmospheric  Models 

This  chapter  will  describe  the  development  of  the  mathematical 
formulas  used  in  the  McClatchey  and  Homogeneous  Mixing  Layer  models  ~ 

Two  separate  quantities  were  computed  for  each  model,  lhese  were  slant 
range  calculations  for  constant  transmittance  curves  and  laser  lock-on 
ranges  for  a given  set  of  laser  design  parameters. 


Transmittance  (General) 


Transmittance  is  described  by  Equation  (4)  which  is  repeated  here 

(4) 


t * exp£-J  <rt(l)dl"| 


J 

If  one  desired  to  find  L for  a given  transmittance,  the  form  of  the 
equation  could  be  changed  to 


in  i . jV 

r J n t 


(l)dl 


(11) 


The  integration  could  then  be  performed  and  the  equation  solved  for  L. 
This  will  be  done  in  following  sections  for  specific  conditions. 


Lock-on  Range  (General) 

The  basic  formula  used  for  computing  lock-on  range  is  Bquation  (5) 
which  is  repeated  here 

lr<rt(l)dlj  = Kexp^-J*d<rt(l)dlj  (5) 

There  are  two  cases  for  which  this  equation  will  apply:  (1)  designator 

and  receiver  collocated  and  (2)  designator  and  receiver  separated. 

For  the  first  case,  Rf  s R^  * R.  Transposing  and  taking  the 
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square  root  of  each  side  of  Equation  (5)  then  gives 

R * /I"  expf 


(12) 


Taking  the  natural  logarithm  of  both  sides  yields 


(13) 


The  integral  on  the  right  side  can  be  solved  and  the  resulting  tran- 
scendental equation  can  then  be  solved  for  R. 

If  the  designator  and  receiver  are  separated,  Equation  (5)  becomes 


2 _ 


= K exp 


[-T-. 


(l)dl 


(14) 


Taking  the  square  root  and  the  natural  logarithm  of  both  sides  yields 


(15) 


Again,  the  integrations  must  be  performed  and  the  resulting  transcen- 
dental equation  solved  for  Rr.  In  this  study  these  equations  were 
solved  with  the  aid  of  a computer  by  using  the  Newton-Raphson  method. 


Homogeneous  Mixing  Layer  Model 

In  this  model,  for  reasons  explained  earlier,  molecular  attenuation 
will  be  disregarded.  Therefore,  in  the  absence  of  precipitation  the 
attenuation  coefficient  will  be  determined  by  the  aerosol  content  of 
the  air.  Using  Koschmieder's  law  and  the  ratio  <ra(itrMS36)/<ra(Q  55),  or 
°t  from  Table  V,  page  23,  for  the  particle  size  distribution  of  interest 

°a(1.0636)  * a<ra(0.55)  <16) 
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or  **(1.0636)  = * 

This  can  also  be  described  as 


(17) 


**(1.0636)  = 5^ 


(18) 


where 


P « «(3.912) 


(19) 


Eq  (18)  is  the  attenuation  coefficient  in  the  mixing  layer.  For  the 
exponentially  decreasing  coefficient  above  the  mixing  layer 


**(1.0636) 


JL 

“■hi 


(20) 


where  is  the  attenuation  coefficient  (km”1), 

is  the  meteorological  range  above  the  mixing  layer  (km), 
b is  the  altitude  (km), 
and  Hp  is  the  scale  height  (km). 

The  attenuation  coefficient  for  haze  only  for  the  HML  model  is  now 


IJL 

MR 

..  ....  exp(-  iL) 
MRhi  *p 


0 < h < H 
h > H 


(21) 


nhere  H * mixing  layer  height.  This  value  can  now  be  substituted  in 
Bqs  (11),  (13),  (15).  Fig.  4 on  the  following  page  shows  the  two 
regions  of  this  model  and  transmittance  paths  in  these  regions. 
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Fig*  4 Geometry  of  Slant  Range  Propagation 

Constant  Transmittance  (Raze  only)*  Using  Eq  (11)  within  the 
haze  layer  (region  1 of  Fig.  4)  yields 


In  i » JL  L. 

T MR  x 


R « Lt  » In  i B 

X T ft 


where  R «*  the  total  slant  range* 

Above  the  mixing  layer  (region  2 of  Fig*  4) 


T-  exp-[HTLi  * 


is  now  a constant  for  any  given  elevation  angle,  e,  where 


Ll 

« H 

s in  0 

(25) 

h 

« z sin  6 

(26) 
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Performing  the  integration  and  taking  the  natural  logarithm  of  both 
sides  yields 

I * 51  '-i  * S*  - '*(-  5^)]  <27> 


Rearranging  this  formula  gives 

H L2 


/ H L2\ 

exp(-  h^t) = 


MRhiH 

1 - — exp, 

Hp  vnp 


Gp)[  PH  “ *»] 


(28) 


Taking  the  natural  log  of  both  sides  and  multiplying  by  Hpl^/H  gives 

-1 


h * rLi  ln[x  - (v- mr)~S^"  ^(b;)] 


where 


ill 

PH 


(29) 


(30) 


Total  slant  range,  R»  now  equals  H * Ht*  Therefore, 


f / 1 > 

,MRhiH  /H  V 

t - (V“  MRJ 

»~exKyJ 

-1 


(31) 


Note  that  R approaches  infinity  when 


(32) 


(33) 
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For  a given  Hp  and  MR^  this  condition  depends  only  on  the  mixing  layer 
height  and  the  surface  meteorological  range*  This  condition  implies 
*^a^  a given  beam  transmittance  there  is  a minimum  given  by 

In  i 

and  a maximum  elevation  angle  given  by 


e 


■ax 


sin“* 


H 

Llmin 


(35) 


Two  cases  of  slant  range  propagation  exist.  One  case  occurs  when 
**  > Llmin*  ®max  as  ^0  degrees  and  the  constant  r curves  are  closed 

contours.  For  a given  r this  would  occur  for  low  meteorological  raige 
conditions.  The  other  case  occurs  when  H < LXmin  and  0nax  is  given  by 
Bq  (35).  Por  a given  transmittance  this  leads  to  an  open  constant 
curve  miiich  flares  out  and  goes  to  infinity. 

Constant  Transmittance  (Haze  and  Rain) . The  attenuation  effects 
of  raindrops  and  aerosols  are  additive;  very  little  washout  or  changes 
of  aerosol  characteristics  occur  (Ref  7:133).  Therefore, 


,*ere  ca  is  att«**uation  due  to  aerosols, 
and  or  i$  attenuation  due  to  rain. 

In  the  haze  layer,  attenuation  coefficients  must  be  related  to 
meteorological  range  for  \»  0.55  microns.  One  must  ask  how  aerosols 
plus  rain  affect  meteorological  range  observations.  Using  the 
criterion  of  0.02  contrast  as  discussed  earlier 
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t « 0.02 


or)dl 


] 


(37) 


This  leads  to 


In  50 
MR 


aa  + 


(38) 


or 


. 3.912 

°a  8 “MR“-°r 


(39) 


This  equation  holds  for  \ - 0,55  microns.  Putting  this  expression  into 
Eq  (16).  page  27,  and  assuming  that  oa (1.0636)  *s  approximately  equal 
to  caQ#o6)»  as  is  done  throughout  this  report,  yields  the  following 
expression  for  the  total  attenuation  at  X - 1.06: 


£ 

MR 


♦ (1  - a)aT 


(40) 


In  the  clear  air  above  the  mixing  layer,  visibility  is  limited  by 
rain  with  haze  having  little  or  no  effect  on  visibility.  Also  at  alti- 
tude a meteorological  range  observation  will  not  generally  be  made. 
Therefore,  it  is  assumed  that  no  correction  need  to  be  made  to  meteor- 
ological range  for  the  effects  of  rain.  Thus,  Eq  (20),  page  28,  holds 
above  the  nixing  layer  just  as  it  did  with  no  rain.  To  this,  however, 
must  be  added  ar,  The  total  attenuation  coefficient  in  the  HML  model 
* then  be 


^ exp(-  —*)  + a 
HP  r 


MRhi 


0 < h < H 


h > H 


(41) 


Putting  these  values  into  the  constant  transmittance  equation  as  before 
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will  yield,  for  h < H 


R « Lx 


m * a • a)ar 


(42) 


For  h > H the  expression  is 


Hpli 


H 


In 


r . l 

[LiCB  ♦ A)<JtL2  - In  1 J 


(43) 


where 


MRhiH  eXp("  Ht) 


(44) 


and 


P 


B * MR  * (i  ‘ tt)ar 


(45) 


This  is  a transcendental  equation  to  be  solved  for  L2  where  now 
equals  H/sin  0,  Then  R = Li  ♦ L2. 

Note  that  Lj  cannot  go  to  infinity  as  it  did  with  hare  only,  as 
it  occurs  in  the  denominator  of  the  logarithmic  term  as  well  as  on  the 
left  hand  side  of  the  equation.  So  the  constant  transmittance  curves 
will  not  flare  out  to  infinity  as  they  did  with  haze  only.  It  may  be 
noted  here  also  that  if  one  were  concerned  with  snow  attenuation,  the 
snow  attenuation  coefficient  could  be  substituted  directly  in  the  place 
of  the  rain  coefficient. 

Lock-on  Range  - Designator  and  Receiver  Collocated  (Haze  only). 

For  lock-on  calculations  where  the  designator  and  receiver  are  collo- 
cated, Eq  (13),  page  27  is  used.  In  the  haze  layer  this  becomes 
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i 


i 

h 

i 

s 


Above  the  mixing  layer,  £q  (13)  becomes 

IbT  « h ± 41  . exp(-  5-')dl 

R Jq  MR  -L  MR^i  V H/ 


or 


Then 


Where 


'0  MRhi 


1r/r 

tn  R 


(-ft)] 


B * mr^h  exp("  Hp ) 


(47) 


(48) 


(49) 


(50) 


A * MR  + B 


(51) 


and 


C * 


H 

hp4 


(52) 


This  transcendental  equation  can  now  be  solved  for  Lg  and  added  to 
where  = H/sin  6. 

Lock-on  Range  - Ground  Based  Designator  (Haae  only ) . The  only 
situation  studied  in  this  report  for  designator  and  receiver  being 
seperated  was  that  of  the  ground  based  designator.  Ihe  large  number 
of  possible  situations  with  both  designator  and  receiver  airborne  pre- 
cluded , comprehensive  look  at  them  in  the  time  allotted  for  this  study. 

Using  Eqs  (15)  and  (21),  pages  27  and  28,  the  following  equations 
were  derived  for  the  ground  based  designator:  for  h < H 


R ■ -■  » - 

2 In  )QT  = JL  (Rt  ♦ Rd) 
Rr  MR 


(53) 
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For  h > H 


2 In  /*■■■■  « A ♦ B[l  - exp(-CL2)] 
♦ L2 


where 


end 


A 


(LX  ♦ Rd) 


B 


C 


* 


H 

»PL1 


(54) 

(55) 

(56) 

(57) 


This  equation  can  be  solved  for  L2  where,  again,  * H/sin  0 . Then 
*r  * L1  + ^2* 

Loclc-on  Range  - Designator  and  Receiver  Collocated  (Haze  and  Rain). 
With  rain  included  with  the  haze,  the  attenuation  coefficient  used  is 
that  in  Eq  (41),  page  32.  For  h < H 


In'*  . 

r ♦ a - o ) ori  r 

R 

L MR  rJ 

(58) 


For  h > H 


ln  5 


- a - M-  fc)*  •.]« 


With  simplification  this  yields 


(60) 


where 


? Hp  . h v 

A * exK“  h”  ) 


(61) 
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B 


MR  + (1  - U)ar 


(62) 


and 


H 


(63) 


Again  this  is  a transcendental  equation  which  can  be  solved  for  L2  with 
being  a constant  for  any  given  elevation  angle.  Then  R = ♦ L2. 


McClatchey  Model 

The  McClatchey  model  of  the  atmosphere,  as  described  earlier,  has 
been  frequently  used  in  attenuation  calculations.  As  mentioned,  some 
of  its  limitations  include  the  following:  (1)  it  is  based  on  the  conti- 
nental haze  particle  size  distribution  only,  (2)  meteorological  range 
is  not  a continuously  variable  parameter  (values  for  meteorological 
ranges  of  5 and  23.5  km  are  given) f and  (3)  attenuation  coefficients 
are  given  a.  1 km  intervals  instead  of  being  a continuous  function. 

This  report  attempts  to  alleviate  these  limitations  by  using  several 
approximations. 

Approximat ions . This  model  can  be  used  to  give  approximate  at- 
tenuation values  for  aerosol  particle  size  distributions  other  than  the 
continental  haze  with  the  use  of  the  ratios  ca(i.0636)/aa(0.55)  which 
were  derived  by  Coolidge  and  shown  in  Table  V,  page  23.  It  is  assumed 
here  that  ca(i,0636)  is  not  significantly  different  than  aa(i#06)» 

With  the  use  of  the  ratio  for  continental  haze,  <?a(o,55)  can  be  deter- 
mined for  each  1 km  interval  from  the  values  of  ®a(i#06)  McClatchey 
shown  in  Table  I,  page  11,  where  ca(i,o6)  is  the  sum  of  aerosol  scat- 
tering and  absorption.  Thus 


' , _ ga(1.06> 

aa(0.55)  " 0.539 


(64) 
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When  aa(o#55)  known,  aa(i#06)  can  found  for  other  distributions 
with  the  use  of  Eq  (16),  page  27,  and  Table  V,  page  23.  These  values 
can  then  be  tabulated.  If  it  is  desired  to  include  molecular  atten- 
uation, these  values  can  he  added  to  the  aerosol  attenuation  coeffi- 
cients. These  values  are  tabulated  for  five  different  aerosol  dis- 
in  Tables  VIII  and  IX  in  Appendix  A,  page  74,  where  Table  VIII  is  for 
aerosol  only  and  Table  IX  includes  molecular  attenuation  from  the  mid- 
latitude summer  profile. 

If  these  values  are  to  be  used  in  this  form  for  c^stant  trans- 
mittance ard  lock-on  range  calculations  they  must  be  numerically  inte- 
grated which  requires  a great  deal  of  computer  time.  It  can  be  seen 
from  Pig.  5 on  the  following  page  that  this  model  can  be  closely  ap- 
proximated with  several  exponential  functions.  In  this  study,  two 
exponential  functions  were  u^ed  for  the  regions  0-5  Ian  and  5-18  km. 
This  made  it  possible  to  reduce  the  computer  cost  of  making  calcula- 
tions by  a factor  of  approximately  20. 

It  is  highly  desirable  to  make  this  model  useful  with  surface 
meteorological  range  as  a continuously  variable  parameter.  As  stated 
earlier,  this  model  was  based  largely  on  the  work  of  Elternan.  It  was 
noted  that  if  the  values  for  surface  attenuation  coefficients  derived 
with  Elterman’s  method  (Ref  19)  for  several  meteorological  ranges 
plotted  on  log-log  paper  they  made  a straight  line  and  if  the  two  sur- 
face attenuation  coefficients  of  McClatchey  for  5 and  23.5  km  were 
plotted  as  a straight  line  it  was  parallel  to  the  other.  It  was  also 
noted  that  the  slope  of  the  line  did  not  change  for  various  particle 
size  distributions.  The  relationship  then  derived  was 
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Pp  = LCMR)-1*02  (65) 

where  0p  is  the  surface  attenuation  coefficient , 

L is  a constant  dependent  on  distribution  used* 
and  MR  is  meteorological  range. 

This  gives  values  very  close  to  those  of  the  Homogeneous  Mixing  Layer 
model  at  the  surface. 

It  is  also  necessary  to  have  the  mixing  layer  scale  heights  as  a 
function  of  meteorological  range.  To  find  this  relationship,  straight 
lines  were  drawn  on  semi-log  paper  from  surface  attenuation  coeffi- 
cients for  several  meteorological  ranges  to  a common  value  at  5 km 
altitude.  Scale  heights  were  derived  for  each  of  these  and  they  were 
in  turn  plotted  on  log-log  paper.  .In  approximate  relationship  was 
established  of 


Hpl0  = N(MR) v (66) 

where  HpjL0  is  the  scale  height  below  5 km,  and  N and  v are  constants 
dependent  on  size  distribution  used. 

In  the  region  from  5-18  Km,  there  is  no  effect  from  surface  mete- 
orological range.  The  attenuation  depends  solely  on  the  aerosol  dis- 
tribution being  used.  The  relationship  here  is 

oa  = peexp(-  jr— ) (67) 

nphi 

v4iere  and  are  constants  dependent  on  the  size  distribution  used 
with  Hph£  being  the  scale  height  above  5 km.  The  values  for  the  con- 
stants in  these  relationships  are  listed  in  Table  VI  on  the  following 
page  for  four  aerosol  distributions.  The  results  from  the  approximation 
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of  'the  McClatchey  nickel  are  now 


aa<1.06) 


Mi<p<‘  ifc’ 


0 < h < 5km 


5 < h < 18km 


It  is  these  values  which  are  used  in  constant  transmittance  and  lock-on 
range  calculations. 

Table  VI 

Constants  in  Approximation  of  McClatc!  >■'  Aerosol  Model 
for  Pour  Combinations  of  Maritime  anu  ^ntinental  Haze 


Aerosol  Mixture 


Continental 

2.22 (MR)-1 *02 

0.675CMR)0*233 

3.3  x 10“3 

35%  Maritime 

* 3./9(MR)“1*02 

0.690CMR)0’22 

4.9  x 10“3 

50%  Maritime 

! 3.93(MRrU02 

0.680 (MR)0*21 

5,1  x 10"3 

100%  Maritime 

4.10<MR)“1*02 

0.675 (MR)0,22 

5.2  x 10"3 

Transmittance.  These  calculations  were  made  for  haze  only.  No 
rain  was  included  but  it  could  easily  be  done  if  desired  as  was  shown 
using  the  Homogeneous  Mixing  Layer  model.  Using  the  results  of  the 
previous  section  in  the  same  manner  as  was  shown  for  the  HML  model, 
the  following  results  were  obtained;  for  h < 5 km 


sin  8 


T ln  7 


In  ^ sin  8 I-1 

Pp  Hplo  J 


Mote  that  R approaches  infinity  when  the  term  shown  in  the  logarithmic 
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argument  approaches  zero.  This  implies  that 


a - i -1 

®max  = sin  ~ 1“ 

ln  r 


(70) 


For  any  given  r this  depends  on  pp  and  Hp^Q  which  are  functions  of 
meteorological  range  and  particle  size  distribution.  For  5 < h < 18  kra 


-i 


(71) 


where 


PpH plo 

A 


(72) 


and 


H v.- 

B = -Eti 


(73) 


Note  that  L2  approaches  infinity  when 


•ifcH- 


(74) 


or 


l - 

**lmin  “ a * B 


(75) 


Therefore, 


'max 


• -1  5 

10  LlBlin 


(76) 


Finally  R = Lj  ♦ L2  where  is  a constant  for  any  given  angle. 

Lock-on  Range . Proceeding  in  the  sane  manner  as  before  the  fol- 
lowing results  were  obtained  for  the  lock-on  range  with  receiver  and 


41 


GBO/PH/75-5 


and  designator  collocated.  For  h * 0 

ln^  = ppR  (77) 

For  0 < h < 5 km 

ln'jj  * B[l  - exp(-AR)]  (78) 


idtere 

A - Sine 

Hpl0 

(79) 

and 

„ _ Pp^lo 
sin  6 

(80) 

For  5 < h 

< 18  km 

ln  ^ 4 * “it  - 'K- wi )] 

(81) 

where 

«■  t-ifc)] 

(82) 

and 

•-V-K-i) 

(83) 

Again  this  equation  is  to  be  solved  for  L2  where  is  a constant 
for  a given  elevation  angle.  Finally  R * Lx  ♦ Lg. 
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V*  Results  and  Analysis 

This  chapter  contains  the  results  of  using  the  models  developed 
in  the  preceding  chapter  and  an  analysis  of  these  results.  The  atmos- 
pheric scale  height  used  for  the  clear  air  in  the  HML  model  was  7.99  kn. 
This  is  the  value  suggested  by  Coolidge  and  has  been  given  as  the  scale 
height  for  the  atmospheric  mean  density  profile.  This  is  different  than 
the  scale  height  as  determined  by  Duntley  et  al.  in  experimental  meas- 
urements of  the  volume  extinction  coefficient  (Ref  11,  12,  13).  The 
scale  height  found  there  was  in  the  neighborhood  of  20  km  in  several  of 
the  experiments.  The  scale  height  used  for  the  approximation  of  the 
McClatchey  model  above  S km  was  also  in  the  neighborhood  of  20  km,  so 
these  higher  values  have  merit.  However,  in  the  absence  of  further 
experimental  measurements  and  for  the  purposes  of  calculations,  the 
scale  height  for  the  density  profile  was  used. 

The  scale  height  is  a sensitive  parameter  as  can  be  seen  in  Fig. 

6 on  the  following  page.  Here  the  two  scale  heights  of  20  km  and  7.99 
km  were  used  for  comparison.  At  an  elevation  angle  of  54  degrees,  and 
with  a meteorological  range  of  3.0  km,  the  scale  height  of  20  km  gave  a 
13%  shorter  lock-on  range  than  did  7,99  km. 

A meteorological  range  of  40  km  was  used  for  clear  air  above  the 
mixing  layer  in  the  HML  model  as  it  seems  to  be  a worst  case  condition 
(Ref  7:112).  A typical  value  for  K of  6.7xl02km2  was  used  (Ref  14:13-14). 

Aerosol  Mixtures 

An  attempt  was  made  to  see  if  a generalisation  could  be  found 
ttfiere  the  percentage  of  maritime  haze  mixed  with  continental  haze 
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Effects  of  Clear  Air  Scale  Height  in  Homogeneous  Mixing  Layer  Model  on  Maximum  Lock-on 
Range  at  Two  Meteorological  Ranges  - Designator  and  Receiver  Collocated. 
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could  be  used  as  a continuous  variable.  It  was  found  that  the  rela- 
tionship for  the  ratio,  or,  of 

a * 0.78(%  maritime)0,057  (84) 

is  a good  approximation  (within  1%  of  the  values  in  Table  V,  page  23) 
down  to  about  10%  maritime  (Ref  7:79).  Below  this  the  effects  of  add- 
ing maritime  to  continental  are  changing  too  quickly  for  this  relation 
to  be  valid. 

Constant  Transmittance  Slant  Range 

This  section  will  describe  the  results  of  computing  constant 
transmittance  curves  for  both  the  HML  model  and  the  McClatchey  model. 
These  results  are  then  compared. 

Homogeneous  Mixing  Layer  Model  (Haze  only).  The  calculations  for 
this  model  give  the  characteristically  shaped  curves  shown  in  Fig.  7 on 
the  following  page.  Note  that  in  the  mixing  layer  the  curve  is  cir- 
cular. At  low  transnittances  and  high  meteorological  ranges,  the  curve 
above  the  mixing  layer  flares  out  to  infinity.  At  high  transnittances 
and  low  meteorological  ranges  the  curves  have  a "keyhole”  shape. 

Figure  7 was  computed  for  100%  continental  haze.  The  results  of 
changing  the  haze  composition  slightly  to  25%  maritime  distribution  and 
75%  continental  distribution  gives  a significant  difference  as  shown  in 
Fig  8,  page  47.  As  can  be  seen,  the  slant  range  for  different  haze  dis- 
tributions changes  considerably  for  the  same  meteorological  range  condi- 
tions. For  example,  at  a meteorological  range  of  5 km  and  transmittance 
of  0.1,  the  surface  slant  range  is  decreased  from  5.43  km  in  100%  conti- 
nental haze  to  3.11  km  in  the  25%  maritime  mixture,  a 42%  reduction  in 
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range*  Significant  effects  on  range  can  be  realized  with  as  little 
as  10%  maritime  (Ref  7).  Results  of  additional  constant  transmit- 
tance calculations  are  shown  in  Figures  23A  through  23E  in  Appendix  3, 

page  77. 

Fig.  9,  page  48,  shows  surface  slant  range  vs  transmittance  for 
several  values  of  meteorological  range.  It  is  interesting  to  note  that 
all  points  lie  on  an  exponential  curve  for  transmit tances  of  0.2  or 
greater.  Below  that  value  the  points  are  starting  to  move  to  infinity 
for  zero  transmittance. 

Homogeneous  Mixing  Layer  Model  (Haze  with  Rain).  When  Fig.  10 
on  the  following  page  is  compared  to  Fig.  7,  page  46,  it  can  be  seen 
that  rain  can  have  a significant  effect  on  transmittance.  With  an  ob- 
served meteorological  range  of  5 km,  and  rain  classified  as  light  (2.5 
mm/hr),  the  surface  slant  range  for  0.1  transmittance  can  be  decreased 
by  25%. 

McClatchey  Model.  This  model  was  used  for  transmittance  calcula- 
tions for  various  aerosol  mixtures  of  continental  and  maritime  hazes. 

An  example  of  using  this  model  is  shown  in  Fig.  11,  page  51.  The <6hape 
of  these  curves  is  dramatically  different  from  those  of  the  HML  model. 
The  curves  begin  at  the  same  point  at  the  surface  for  a given  transmit- 
tance, but  at  low  transmittances  and  high  meteorological  ranges  they 
flare  out  immediately  from  the  surface.  Also,  at  the  higher  transmit- 
tances the  curves  do  not  have  the  characteristic  ’’keyhole”  shape  of  the 
Homogeneous  Mixing  Layer  model. 

The  differences  in  the  slant  ranges  between  the  two  models  are  sig- 
nificant. Slant  ranges  for  the  McClatchey  model  are  usually  greater, 
often  much  greater,  than  those  of  the  Homogeneous  Mixing  Layer  model. 
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Fig,  10  Transmittance  of  1,06  microns  - Homogeneous  Mixing  Layer 
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Lock-on  Range 

Lock-on  ranges  were  computed  for  both  models.  With  the  McClatchey 
model,  different  haze  effects  with  designator  and  receiver  collocated 
were  studied.  For  the  Homogeneous  Mixing  Layer  model,  the  effects  of 
various  haze  distributions  on  lock-on  range  were  studied  with  the  des- 
ignator and  receiver  collocated  and  with  a ground  based  designator. 

Also  studied  with  this  model  were  the  effects  of  haze  plus  rain  with  the 
designator  and  receiver  collocated. 

McClatchey  Model . A comparison  between  the  two  models  is  shown  in 
Pig  12  on  the  following  page.  As  can  be  seen  the  two  models  vary  sig- 
nificantly. The  McClatchey  lock-on  range  curve  flares  out  immediately 
from  the  surface  and  at  the  higher  meteorological  ranges  they  appear  to 
be  going  to  infinity. 

A comparison  was  done  with  different  mixtures  of  maritime  and  con- 
tinental aerosols,  shown  in  Figs.  13  and  14,  pages  54  and  55.  Here,  as 
in  the  constant  transmittance  curves,  the  aerosol  mixture  has  a sig- 
nificant effect.  A mixture  of  25%  maritime  and  75%  continental  will 
decrease  a surface  lock-on  range,  with  a meteorological  range  of  5 km, 
from  6.1  to  4.1  km,  a 33%  decrease  from  that  for  100%  continental.  It 
is  interesting  to  note  that  if  the  amount  of  maritime  is  increased  to 
100%  the  lock-on  range  is  reduced  only  an  additional  4%.  Fig.  15,  page 
56  shows  the  effect  of  aerosol  mixture  on  surface  lock-on  range,  »-.cn 
the  values  between  0 and  10%  maritime  being  interpolated. 

Pig.  16,  page  57  shows  lock-on  ranges  vs  meteorological  range  for 
various  altitudes.  It  is  interesting  to  note  that  these  can  be  closely 
approximated  by  a power  law  for  any  given  altitude.  However,  no  simple 
algebraic  relationship  was  found  which  held  for  all  altitudes. 
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Homogeneous  Mixing  Layer  Model  (Haze  only).  Die  analysis  described 
for  the  McClatchey  model  with  different  aerosol  mixtures  also  holds  for 
the  HML  model.  In  addition,  it  should  be  noted  that  the  haze  L distri- 
bution , which  was  proposed  as  a replacement  for  the  continental,  gives 
a significant  decrease  in  lock-on  range  from  that  of  the  continental, 
though  the  decrease  is  less  than  that  given  by  a mixture  of  25%  maritime 
and  75%  continental.  This  cam  be  seen  by  comparing  Figs.  24A  and  24B  in 
Appendix  C,  page  83.  It  should  also  be  noted  that  the  curves  for  the 
HML  model  have  different  characteristics  from  those  of  the  McClatchey 
model;  they  have  the  “keyhole"  shape  of  the  constant  transmittance 
curves.  This  is  true  for  all  meteorological  range  conditions  studied. 

There  may  be  large  differences  in  the  lock-on  ranges  between  this 
model  and  the  McClatchey  model  (the  differences  at  specific  altitudes 
are  strongly  dependent  on  the  height  of  the  uniform  mixing  layer,  a 
property  which  will  be  discussed  later).  For  example,  it  can  be  seen 
from  Fig.  12,  page  53,  that  at  an  altitude  of  6 km  with  a meteorologi- 
cal  range  of  3 km  there  is  a 34%  difference  in  lock-on  range  between  the 
two  models.  At  higher  altitudes  the  difference  is  even  greater. 

An  additional  difference  in  the  results  of  using  the  two  models  can 
be  seen  by  comparing  Figs.  16  and  17,  pages  57  and  59.  At  the  surface, 
the  relationship  of  lock-on  range  to  meteorological  range  can  be  approx- 
imated with  a power  law.  At  higher  altitudes,  however,  this  is  not  true 
as  it  is  with  the  McClatchey  model.  It  can  also  be  seen  from  Fig.  17 
that  the  change  in  lock-on  range  is  less  with  a change  in  altitude  at 
higher  meteorological  ranges  than  with  lower.  Figs.  24A  through  24B 
in  Appendix  C,  page  83  show  additional  examples  of  lock-on  range  curves 
with  designator  and  receiver  collocated. 
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Homogeneous  Mixing  Layer  Model  (Haze  with  Rain).  Rain  can  have  a 
significant  effect  on  laser  lock-on  ranges*  For  example*  a '•moderate'* 
rainfall  of  8*0  mm/hr  in  a meteorological  range  of  3 km  and  a continen- 
tal haze  reduces  the  lock-on  range  by  26%.  Compare  Fig  18*  page  61* 
with  Fig  6,  page  44*  It  should  be  noted  here  that  it  was  difficult  to 
correlate  realistic  values  of  meteorological  range  to  rainfall  rates 
when  both  haze  and  rain  contribute  to  lowered  visibility*  Using  the 
values  for  meteorological  range  in  Table  III*  page  15*  it  can  be  seen 
that  3 km  is  an  unrealistic  value  for  the  higher  rainfall  rates  in  Fig* 
18.  Thus,  the  lock-on  ranges  for  the  higher  rainfall  rates  are  prob- 
ably inaccurate. 

Mixing  Layer  Height.  The  height  of  the  mixing  layer  in  the  HML 
model  has  a significant  effect  on  the  lock-on  ranges  as  can  be  seen 
from  Figs.  25A  through  25£  in  Appendix  D,  page  89*  Fig*  19f  page  62, 
shows  lock-on  ranges  at  6 km  altitude  vs  mixing  layer  height  for  sev- 
eral surface  meteorological  ranges*  The  data  were  taken  from  the  con- 
tinental haze  model.  It  can  be  seen  that  as  the  mixing  layer  height 
decreases,  a change  in  meteorological  range  has  less  effect  on  the 
lock-on  range.  This  is  because  the  laser  beam  is  propagating  through  a 
higher  percentage  of  clear  air.  An  extreme  example  of  this  is  shown  in 
Pig.  20,  page  63,  where  the  mixing  layer  height  is  only  0.1  km.  The 
curves  corresponding  to  the  different  meteorological  ranges  are  very 
close. 

Ground  Designator  (Ffaze  only)*  Lock-on  ranges  for  an  airborne  re- 
ceiver can  be  increased  considerably  with  a ground  designator,  espe- 
cially in  low  surface  meteorological  range  conditions.  For  example, 
with  the  receiver  at  6 km  altitude*  a surface  meteorological  range  of 
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Pig.  19  Lock-on  Range  at  6 km  Altitude  vs  Mixing  Layer  Height 
for  Several  Meteorological  Ranges  - Homogeneous  Mixing 
Layer  Model. 
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3 km,  and  the  designator  at  0,5  km  from  the  target,  the  maximum  lock-on 
range  increases  from  10.25  km  with  designator  and  receiver  collocated 
to  15.1  km,  an  increase  of  47%.  Compare  Fig.  21,  page  64,  to  Fig.  6, 
page  44.  Fig.  22  on  the  preceding  page  shows  lock-on  rang:  in  the  mix- 
ing layer  vs  ground  designator  range  for  various  meteorological  range 
conditions.  As  the  visibility  increases,  the  position  of  the  ground 
designator  has  less  effect  on  the  maximum  lock-on  range.  Figs.  26A 
through  26£  in  Appendix  E,  page  95,  show  several  examples  of  how  posi- 
tion of  the  designator  affects  lock-on  range. 

Laser  Design  Parameters 

A sensitivity  study  was  accomplished  to  determine  the  effects  on 
maximum  lock-on  ranges  of  changing  various  laser  design  parameters. 

This  would  change  the  value  of  VlC  in  Eq  5,  page  9.  The  results  are 
shown  in  Table  VII.  For  example,  .f  peak  designator  output  power  or 
target  reflectance  is  doubled,  \/K  goes  from  81.8  km  to  116.6  km.  The 
surface  lock-on  range  is  increased  by  14%  for  a meteorological  range 
of  23.5  km  or  10%  for  5 km  meteorological  range. 


Table  VII 

Surface  Lock-on  Ranges  for  100%  Continental  Air  Mass 
for  various  Values  of  /IT  and  Meteorological  Range 


Vl<kn< 

t 

Surface  Meteorological  Range 

Ckn)  ! 

3.0 

3.0  i 

8.0 

: 15.0 

23.5 

116.6 

j 4.60 

6.75 

9.50 

! 14.71 

19.77 

•1.8 

4.32 

6.13 

8.53 

i 13.03 

17.29'1 

69.3 

4.04 

5.86 

8.13 

! 12.29 

16.19  j 

38.2 

3.86 

S 5.56 

7.68 

i 11.52 

15.08  ! 

26.1 

3.05 

4.28 

5.74 

J 8.22 

10.33 | 
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Surface  tock-on  Range  Approximation 

By  using  several  approximations  the  surface  lock-on  range,  with  re- 
ceive? and  designator  collocated,  can  be  calculated  fairly  accurately  by 
Hftiftg  a simple  algebraic  expression,  with  K,  MR,  and  % maritime  as  vari- 
ables . Thus  it  becomes  an  easy  matter  to  determine  the  relative  effects 
Of  Changing  these  variables  with  a small  electronic  calculator  or  slide 
ctfcfce  without  solving  the  transcendental  equations  described  earlier. 

“5*e  first  of  these  expressions,  for  100%  continental  haze,  is 


R = 

p m f 

A 

(85) 

where 

A » 

0.74 (MR)0*604 

(86) 

and 

P * 

0.40 (MR)0,872 

(87) 

This  relationship  is  good  to  within  about  3%  of  computer  values  for 
vjtfol&s  of  VTT  between  25  and  200  and  within  6%  for  VTT  of  40C. 

For-  mixtures  of  maritime  and  continental  air  masses,  with  % mari- 
time. greater  than  IO.j,  the  relationship  is 

R = 0.455(Vk)°*257(MR)0,73(%  maritime)"0,037  (88) 

This  will  give  values  within  3%  of  Eq  (5),  page  8,  for  values  of  n/kT 
above  45  while  as  vTT decreases  to  25  the  error  goes  to  10%, 

An  attempt  was  made  to  find  a simple  algebraic  relation  for  lock-on 
range  at  any  given  altitude  as  a function  of  meteorological  range  or 
surface  lock-on  range  but  no  r-uch  relations’- ip  was  found.  Hence  it  is 
still,  necessary  to  use  the  transcendental  equations  for  these  solutions. 
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VI,  Conclusions  and  Recommendations 

This  report  has  addressed  the  problem  of  quantifying  the  effects 
of  weather  on  1.06  micron  laser-guided  weapons.  It  has  presented  an 
easily  useable  model  for  computing  maximum  lock-on  ranges  at  altitudes 
in  and  above  the  mixing  layer  for  these  weapons  as  a function  of  (1) 
surface  meteorological  range  and  (2)  rainfall  rates.  Additionally,  a 
simple  expression  was  given  for  computing  surface  or  mixing  layer 
lock-on  ranges. 

The  lock-on  range  is  strongly  affected  by  the  aerosol  concentra- 
tion and  particle  size  distribution.  The  concentration  can  be  estimated 
rather  quickly  and  easily  through  meteorological  range  observations. 

The  particle  size  distribution  is  much  more  difficult  and  .ime  consuming 
to  measure,  and  several  models  have  been  proposed  tc  describe  the  dis- 
tribution. 

Two  aerosol  altitude  profiles  were  studied.  The  first  was  the 
Homogeneous  Mixing  Layer  model  as  developed  by  Coolidge.  The  second 
was  an  approximation  o;  the  model  described  by  McClatchey.  Incorpo- 
rated in  each  of  these  models  were  three  different  aerosol  particle 
size  distributions  proposed  by  Demend jian.  Ihese  were  (1)  Haze  L, 

(?)  Continent? I,  and  (3)  Maritime.  Additionally,  various  mixtures  of 
continental  and  maritime  were  used.  Also  included  were  various  rain- 
fall rates.  The  results  of  computations  using  these  two  models  were 
analyzed  and  compared. 


68 


GEO/PH/75-5 


Conclusions 

It  is  concluded  that  the  effect  of  weather  on  the  1.06  micron 
laser-guided  weapon  can  be  quantified  for  a large  range  of  weather  con- 
ditions, provided  that  the  aerosol  characteristics  of  the  atmosphere 
can  be  accurately  modeled.  It  is  further  concluded  that  in  the  absence 
of  more  accurate  information,  useful  relative  information  can  be  ob- 
tained by  using  models  that  are  now  available. 

Based  on  recent  conclusive  evidence  as  referenced  in  this  study, 
it  is  concluded  that  the  most  representive  aerosol  profile  of  the  atmos- 
phere is  the  Homogeneous  Mixing  Layer  model.  The  most  significant  fac- 
tors in  this  model  as  they  relate  to  laser  lock-on  range  are  (1)  surface 
meteorological  range,  (2)  the  aerosol  particle  size  distribution,  and 
(3)  the  height  of  the  mixing  layer.  The  scale  height  of  the  attenua- 
tion coefficient  above  the  nixing  layer  has  less  significant  effects. 

Recommendations 

In  the  past,  lock-on  range  calculations  have  been  done  using  the 
McClatchey  atmospheric  model.  However  it  has  been  shown  in  this  re- 
port that  large  differences  occur  in  the  result;  of  using  the  McClatchey 
model  and  the  Homogeneous  Mixing  Layer  model.  Because  recent  evidence 
is  overwhelmingly  in  favor  of  the  Homogeneous  Mixing  Layer  model  in  the 
lower  atmosphere,  it  is  recommended  that,  until  more  precise  information 
on  the  atmosphere  becomes  available,  future  studies  and  calculations  be 
done  using  the  Homogeneous  Mixing  Layer  model. 

Because  of  the  significant  limitations  that  atmospheric  aerosols 
can  impose  on  1.06  micron  laser  guided-weapons  and  the  need  to  quantify 
tncse  limitations,  the  folic- -ing  rcconnendations  are  also  made: 
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(1)  better  methods  be  developed  to  accurately  and  quickly  (preferably 
in  real  tine)  determine  experimentally  the  aerosol  concentration  and 
particle  size  distribution,  (2)  methods  be  developed  for  more  accu- 
rately and  quickly  determining  the  vertical  aerosol  attenuation  pro- 
file, including  the  height  of  the  mixing  layer,  and  (3)  a method  be 
developed  for  measuring  directly  the  attenuation  of  1.06  micron  laser 
radiation.  This  last  recommendation  would  lessen  the  need  for  accu- 
rately knowing  the  particle  size  distribution.  Additionally,  work 
needs  to  be  done  to  better  quantify  rainfall  effects  as  well  as  effects 
of  other  forms  of  precipitation  on  laser  propagation. 

There  are  methods  which  show  promise  in  some  of  these  areas.  For 
example,  reference  31  gives  a summary  of  some  methods  used  to  deter- 
mine mixing  layer  height  and  suggests  a new  method  based  only  on  sur- 
face measurements.  This  merits  more  study.  Reference  6 describes  a 
method  for  using  lidar  in  mixing  layer  measurements.  Reference  34 
describes  several  instruments  which  can  be  used  to  measure  weather 
variables. 
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Maximum  Lock-on  Range  with  Designator  and  Receiver  Collocated  for 
Several  Meteorological  Ranges  - Homogeneous  Mixing  Layer  Model. 
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Maximum  Lock-on  Range  with  Designator  and  Receiver  Collocated  for 
Several  Meteorological  Ranges  - Homogeneous  Mixing  Layer  Model. 


Pig,  25  B Maximum  Lock-on  Range  witn  Designator  and  Receiver  Co  1 located  for 
Several  Meteorological  Waives  - Homogeneous  Mixing  Layer  Model, 


Maximum  Lock-on  Range  with  Designator  and  Receiver  Collocated  for 
Several  Meteorological  Ranges  - Homogeneous  Mixing  Layer  Model. 
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Maximum  Loek-on  Range  Curves  - Ground  Designator 
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Fig.  26  B Maximum  Lock-on  Range  with  Ground  Designator  for  Several 
Meteorological  Ranges  - Homogeneous  Mixing  Layer  Model. 
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Fig.  26  F Maximum  Lock-on  Ran  ,e  with  viround  designator  for  'Sever 
Meteorological  Ranges  - Homogeneous  Mixing  Layer  Model 
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Appendix  P 

Development  of  the  Lock-on  Range  Equation 

The  following  is  a list  of  symbol  definitions  used  in  the  d »velop- 
aent  of  the  lock-on  range  equation: 

Ar  - collecting  area  of  receiver  optics, 

Pd  - peak  designator  power, 

Pr  - received  peak  signal  power, 

Pt  - power  arriving  at  target, 

Rd  - designator  range, 

Rr  - receiver  range, 

Td  - transmittance  of  designator  optics, 

Tr  - transmittance  of  receiver  optics, 

Pt  - target  reflectance, 

9 - atmospheric  attenuation  coefficient, 

- angle  between  a normal  to  receiver  surface  and  the  target, 

0^  - angle  between  a normal  to  reflecting  surface  and  the  receiver 
Q - solid  angle  subtended  by  the  receiver. 

If  atmospheric  effects  are  neglected  and  it  is  assumed  that  all 
radiated  power  is  intercepted  by  the  target,  then 

Pt  = PdTd  (89) 

Because  the  target  is  a Lambertian  reflector,  the  power  intercepted  by 
the  receiver  can  be  described  as 


PtPtcosftj-S) 


GIO/PH/T5-3 


Q » 


Arcos0r 


If  the  transmittance  of  the  receiver  optics  is  included  Eq  (90)  can  be 


wtitten  as 


pdTdcos®tArcoserTrPt 


ir  R2 


Rr2  * 


PdTdArTrcosetcosOrPt 


If  the  atmospheric  effects  are  included  the  power  reaching  the 


target  and  receiver  can  be  written  as 


Ptexp^-J  <r(l)dl 


>rexp  (1  )dl} 


i ' 


8q  (93)  can  now  be  rewritten  as 


PdTdArTr  cose  t cos  -i 


* pr  exp[-( 

LJ0 


'ff(l)dl 


where 


*r2  exp|j  re(l)dlj  = K exp^-J  ^(DdlJ 


pdTdA  rTrc  os  6t  c os  er  pt 

K s 

* P, 


Por  easy  calculations  9t  and  0r  are  often  assumed  to  be  zero 
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Appendix  G 

Guide  to  Use  of  the  Model  for  Lock-on  Range  Calculations 

Ibis  appendix  describes  the  equations  in  the  Homogeneous  Mixing 
Layer  model  which  can  be  used  directly  for  computing  lock-on  range. 
Kith  desig  utor  and  receiver  collocated  (haze  only),  Eq  (46),  page 
33,  and  Bq  (49),  page  34,  can  be  used.  With  ground  based  designator 
Ola re  only),  Eq  (53),  page  34,  and  Eq  (54),  page  35,  can  be  used. 
Ifeose  to  be  used  with  designator  and  receiver  collocated  (haze  and 
rain)  are  Bqs  (58)  and  (60),  page  35.  The  variable,  8,  in  these 
aquations  is  given  by  Eq  (19),  page  28.  The  ratio,  a , for  various 
combinations  of  continental  and  maritime  hazes  is  given  in  Table  V, 
page  23,  or  Eq  (84).  page  45.  Simple  algebraic  expressions  for  lock- 
<».  range  within  the  mixing  layer  are  given  by  Eqs  (85)  and  (88), 
pag*  67, 
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